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DESCRIPTION OF PROBLEM
In the broiler and turkey industries, antibiotics have been widely used as feed additives to improve growth and performance [1, 2] . However, the spread of antibiotic-resistant pathogens in medical and veterinary environments has resulted in the ban of antibiotics in animal feeds in the EU and the dramatic reduction in their use in the United States [3] . With poultry producers un- 1 Corresponding author: mike.kogut@ars.usda.gov der increasing pressure to reduce their use of antibiotics to enhance growth promotion, the development of cost-effective alternatives to antibiotics to reduce foodborne microbial pathogens in poultry products would be of great value to the food industry and to the consumer. The USDA-Agricultural Research Service (ARS) organized a workshop in collaboration with the USDA-National Institute of Food and Agriculture (NIFA) April 5-7, 2016 , in Ames, Iowa, to conduct a research gap analysis on alternatives to antibiotics. ARS also organized, with the support of The World Organization for Animal Health, the two International Symposia on Alternatives to Antibiotics, the first on September [28] [29] 2012 , and the second on December [12] [13] [14] [15] 2016 , both in Paris, France [4] . The workshop and symposia identified the need for research in 5 alternative to antibiotics product categories: 1) vaccines; 2) bacterial-derived products; 3) phytochemicals; 4) immune-related products; and 5) innovative drugs, chemicals, and enzymes. The mechanism of action for most of these products is their ability to modulate the immune system.
OVERVIEW OF THE IMMUNE SYSTEM
Innate immunity is the first line of defense against pathogenic organisms and the interface of the interactions between the host and the microbiota [5] . At the cellular level, the innate immune response is mediated by epithelial cells in mucosal surfaces and phagocytic cells that reside in the tissues or are recruited from the blood, including granulocytes, monocytes, and macrophages. At the molecular level, innate immune cells sense microbes through pattern recognition receptors (PRR), which recognize molecular signatures (also known as pathogen-associated molecular patterns [MAMPs/PAMPs]) from microbial cells [5, 6] , including proteins, lipids, and nucleic acids. PRR also recognize host signature molecules that are indicative of disease and cellular damage. Pathogen recognition through these receptors results in the activation of cellular defense mechanisms and the production of secreted pro-inflammatory cytokines, which alert other host cells to the presence of infection, drive further recruitment of immune cells from the blood to the site of infection, and induce systemic responses to the disease, such as fever. Pathogen recognition through PRR also stimulates the microbicidal mechanisms of innate immunity, such as the production of reactive oxygen species and antimicrobial peptides, in part through the activation of phagocytic cells.
The defense mechanisms of acquired immunity are based on the recognition of "foreign" molecular shapes termed antigens. Adaptive immunity is activated more slowly (on the time scale of 3 d to a couple of wk) by a combination of signals from the innate immune system and by antigens, and is largely mediated by B cells and T cells. These cells carry receptors that recognize foreign molecular patterns but have no intrinsic bias towards pathogen recognition. Adaptive immunity is therefore dependent on the innate immune system for initial pathogen recognition. Signals from the innate immune response drive the selective expansion and activation of the B cell and T cell populations with specificity for the ongoing infectious challenge. The main effector mechanisms of adaptive immunity include the production of antibodies by B cells, the killing of infected host cells by cytotoxic T cells, and various helper T cell-mediated actions. Crucially, activation of adaptive immunity results in the production of memory B cells and T cells, which can provide lifelong specific protection against subsequent infections with a pathogen bearing the same antigens.
MODULATING HOST IMMUNITY AS AN ALTERNATIVE TO ANTIBIOTICS
Despite efforts to halt the increase and spread of antimicrobial resistance, bacteria continue to become less susceptible to antimicrobial drugs over time, and rates of discovery for new antibiotics are declining. Thus, it is essential to explore new paradigms for anti-infective therapy in animal agriculture. An effective host immune response to pathogens in the earliest stages of infection is a critical determinant of disease resistance and susceptibility. One promising approach involves host-directed immunomodulatory therapies, whereby natural mechanisms in the host are exploited to enhance therapeutic benefit. The objective is to initiate or enhance protective antimicrobial immunity while limiting inflammation-induced tissue injury. What is evident is that stimulation of the innate immune response has the greatest potential for protection against foodborne pathogens, regardless of whether they are viral, bacterial, or protozoal in nature. The advantages of modulating the innate response are threefold: (1) induction is rapid, (2) non-specificity of the response allows for crossprotection against unrelated pathogens, and (3) different levels of therapeutic potential, i.e., prophylactic affects, adjuvant effects, systemic and local protection, and multiple immune cellular targets.
Immune modulation can be defined as the manipulation of the immune system to control infections and other adverse health effects with precise regulation to avoid complications while suppressive or potentiating efforts are made to benefit the animal and human health. Immune modulation is one approach for new antiinfective therapies, whereby natural mechanisms in the host can be exploited to strengthen therapeutic benefit. The stimulation of innate immunity has considerable potential to induce a profound and rapid cross-protection against multiple pathogens.
There has been extensive research into developing and evaluating contemporary alternatives to antibiotic growth promoters that are at least partially immunomodulatory in their function in poultry, including: prebiotics/probiotics/direct fed microbials [7] [8] [9] [10] [11] [12] , phytochemicals [13, 14] and essential oils [15] , antimicrobial peptides (host defense peptides) [16] [17] [18] [19] , organic acids including butyric acid [15, 20] , feed enzymes [21, 22] , and egg yolk antibodies [23, 24] .
NUTRITIONAL IMMUNE MODULATION
The interaction between poultry nutrition and nutrients and the bird's immune response has long been known and has been reviewed extensively [25] [26] [27] [28] [29] [30] [31] . Studies on feed restriction have brought further insights into the effect of nutrition on the immune competency of poultry [reviewed in 32]. Klasing's [25] seminal paper classifies nutritional modulation of immune function via 7 broad categories: (1) immune system development, (2) immune cell substrates, (3) leukocyte regulatory activity, (4) reduction of immune pathology, (5) regulation of hormonal activity, (6) physiological actions on the intestinal tract, and (7) limiting nutrient availability to pathogens during infections. The field of nutritional immunology has become a specialty within avian immunology over the past decade. There is a large body of evidence that the impact of nutritional components on the avian gut and systemic immunity has been increasingly recognized. Furthermore, the implications of nutrition and nutritional intervention on prevention of disease and even corrections of pathophysiological conditions have become established concepts [28, 29, 33] .
Despite the number of papers demonstrating the ability of nutrients to influence the avian immune response, relatively few studies have actually been successful using nutritional modulation of immunity to induce protection against infectious diseases [34] [35] [36] . Recent studies [30, 37] have argued that part of the problem is that most research has used only a single immune measurement as a marker for immune effectiveness. On the other hand, despite recent advances in the field, the interplay between nutritional processes and immune system is incompletely understood. Particularly, specific cellular and molecular immune responses invoked by feed components and the role of the gut barrier and microbiota on the interaction between the immune system and nutrition remains to be fully elucidated. The rest of this review will point out some of the areas that have been either neglected when studying the effects of nutrition and nutrients on immune function (the effect of the gut microbiome) or the non-intentional effects of over-feeding various nutrients on the avian immune response (feed-induced inflammation and meta-inflammation).
IGNORING THE CONTRIBUTION OF THE GUT MICROBIOME
Within an animal's interactive physiological networks, the complexity of nutritional interactions is not solely confronted by the host, but is made substantially greater since the animal plays host to entire communities of commensal and symbiotic microbes that derive nutrients from the host diet and provide vital nutrients to the host [38] . Furthermore, the gut microbiome is involved in the development and maturation of the host immune response [39] [40] [41] [42] . As a "second genome" of the vertebrate host, the gut microbiome acts as a critical regulator of immune responses, influencing the differentiation, function, and maturation of immune cells of both the innate and acquired arms of mucosal immunity [43] . This accumulation of immune cells, physical barriers, and soluble mediators contains and controls the microbiota [43-45] by "molecular firewalls" [45] that prevent microbiota-specific acquired responses against commensal microbes. These firewalls include: (1) the epithelial cell layer, which produces mucus, generates antimicrobial peptides, and continuously secretes IgA that contain commensals and neutralize invasive pathogens, (2) subepithelial macrophages that phagocytize and kill commensals that attempt to penetrate the intestine, and (3) regulatory dendritic cells (DC) and regulatory T cells with immunosuppressive activity to control effector immune cells [45, 46] .
Under the influence of diet, the composition of the gut microbiome as well as the commensalderived nutrients and metabolites (lipids, short chain fatty acids, amino acids, vitamins) are altered [47] [48] [49] . These diet-induced shifts in microbiome composition and commensal-derived nutrients and metabolites have profound direct and indirect effects on host immunity via alterations in signaling pathways and gene transcription of effector immune cells, development of immune cells, and receptor recognition/sensing of immune cells [39, [50] [51] [52] .
The most glaring issue facing using nutrition/diet to modulate host immunity is that virtually all previous work has ignored the effect of the gut microbiome. Many studies have concluded a direct effect of a nutrient (protein, fatty acids, carbohydrates) on the immune system without determining the direct effect on the gut microbiome, leading to an indirect effect on immunity.
Therefore, it is apparent that diet and commensal microbiota interaction has a remarkable influence on the host immune response, suggesting that many studies indicating poultry diets and their components directly affect the avian immune response may have to be re-evaluated, since the role of the gut microbiota was not considered in their interpretations of the results [27, 30, [53] [54] [55] [56] [57] . Although much is still to be learned about the microorganisms that comprise the avian gut microbiota, it is paramount that avian immunologists must consider the role of the gut microbiota in every live bird experiment, especially when investigating the role of the diet and dietary components on avian immune function. Similar sentiments have arisen for animal model studies in mammalian mucosal immunity [58] .
FEED-INDUCED INFLAMMATION
The constant search by the broiler industry worldwide to find low-cost feedstuffs for feed production has led to the unintentional consequence of feed-induced inflammation. Certain ingredients used in standard US commercial broiler diets, such as soybean, sunflower, and sesame meals, contain dietary non-starch polysaccharides (NSP) [59] . Dietary NSP are indigestible by poultry but represent a potential energy source that can be utilized with the addition of enzymes [60] . Soybean meal (SBM) is a primary vegetable protein source around the world that typically contains approximately 1.0 to 1.6% insoluble mannans and galactomannans [61] . Mannans are membrane components of multiple pathogens and, as such, can be recognized by a number of pathogen recognition receptors of the innate immune system, including mannose-binding lectin, mannose receptor, and dendritic cell-specific intercellular adhesion molecule-3 (DC SIGN) [62] . Therefore, dietary mannans can stimulate an innate response that can eventually lead to an energy-depleting, feedinduced immune response (FIIR) [63] . It has been estimated that 3% of a chicken's metabolizable energy could be directed towards the maintenance of a FIIR [63] . The use of exogenous β-mannanase in poultry diets hydrolyzes the non-digestible β-mannans into mannan oligosaccharide fragments that are no longer recognized by the mannose receptor, as well as releasing digestible energy for improved bird growth and performance [22] . Many other enzymes (phytase, amylase, protease, and xylanase) are now added to the broiler diets to break down non-digestible nutrients for improved availability and digestibility [64, 65] . The role of these exogenous enzymes in reducing and/or eliminating FIIR is still be to determined experimentally.
CHRONIC LOW-GRADE INFLAMMATION
The obesity epidemic in human medicine has led to the discovery of the intimately linked fields of nutrient physiology and immunology and their united roles in metabolic diseases, such Table 1 . Characteristics of meta-inflammatory-meditated obesity and commercial management practices/ characteristics of modern broiler and turkey industries: A role in chronic low-grade inflammation.
Broiler/turkey Characteristic Obesity industry
Fast growth rate X X Enhanced muscle mass X X Increased fat deposition X X High feed conversion rates X X High metabolic rates X X Receive high nutrient density diets X X Consume feed at high rate X X as type 2 diabetes, atherosclerosis, and gout in an alternative type of inflammation termed meta-inflammation [66] [67] [68] . We have previously discussed the difference between classical inflammation and meta-inflammation and speculated that musculoskeletal disorders and lameness in chickens may be manifestations of meta-inflammatory activity and the gut microbiota [33] . The similarities between metainflammatory human metabolic disorders and characteristics of the poultry industry are shown in Table 1 . The management practices for the growing broilers and turkeys are virtually identical to the characteristics that lead to metabolic diseases in humans as a result of chronic lowgrade inflammation [67] [68] [69] . The innate immune cell recognition system (PRR: MAMP) and immune cell metabolism have coevolved and share the same signal transduction pathways [70] . Nutrient excess from diets results in overloads of metabolites that act as danger associated molecular patterns (DAMP) that can be sensed by PRR of the innate immune system [70] [71] [72] , and are thereby responsible for simulating a chronic inflammation. PRR, such as toll-like receptor 4 (TLR4) and the nodlike receptor (NLR) NLRP3, act as metabolite sensors activated by different metabolite DAMP, including free fatty acids, carbohydrates, and lipids [68] . Continuous activation of these PRR through excessive nutrient intake leads to the production of pro-inflammatory cytokines, such as IL-1β and IL-6, which maintain the low-grade inflammatory response.
Lastly, when nutrient excess leads to activation of PRR-mediated inflammation, there is a concurrent increase in metabolic pathways in the mitochondria of activated immune cells [73, 74] that results in the overproduction of various metabolites via the Krebs cycle (succinate, citrate, NAD + ) and glycolysis (lactate) [73] [74] [75] [76] . All 3 metabolites have been shown to be signals for multiple inflammatory mediators that result in a low-grade chronic inflammation [73, 77] . Increased succinate production results in an increase in stabilization of the transcription factor hypoxia inducible fact (HIF-1α) [73, 76] . The stabilization of HIF-α results in increased glycolysis and the persistent production of the proinflammatory cytokine IL-1β [73, 77] . Likewise, citrate is also increased via the Kreb's cycle and is a signal for the increased production of inflammatory mediators, such as reactive oxygen species, nitric oxide, and prostaglandins [78] . Lactate is a waste product produced in the immune cell cytoplasm at the end of glycolysis that affects local T cell immunity by inhibiting T cell motility, inducing the change of CD4+ cells to Th17 pro-inflammatory T cell subset that leads to the production of IL-17, which is a hallmark of chronic inflammation [79] .
CONCLUSIONS AND APPLICATIONS
1. Nutrition, dietary factors, and nutrients may be useful as immune modulators in the search for alternatives to antibiotics. The intestinal microbiota play an integral role in the initiation, development, training, and function of the local and systemic immune response. If the balance in the microbiome diversity is disrupted by changes in diet, the dysbiosis can have a dramatic effect on establishment of proper immune responses. Regrettably, the interactive effects of immunomodulatory dietary components/nutrients on the intestinal microbiota diversity and resilience have not been explored in poultry. Therefore, it is imperative that the effect of nutritional immune modulation on the structure of the microbiota must be identified and explained in all future studies. 2. Every meal induces low-grade (postprandial) inflammation. However, specific feed ingredients, such as soybean meal, contain the immunogenic indigestible nonstarch polysaccharide, β-galactomannan.
The PRR, mannose receptor, recognizes β-galactomannan, leading to a feed-induced immune response, resulting in a nonproductive energy expenditure on immunity. The addition of exogenous enzymes to the diet, such as β-mannases, enhances NSP-containing feed not only by increasing digestion, but also by reducing the feedinduced immune response, because the β-mannan fibers can no longer be recognized by PRR. 3. Meta-inflammation, or chronic low-grade inflammation, is generated by excessive nutrient intake, and the metabolic surplus fosters metabolic dysfunction by activating the same signaling transduction molecules and pathways as immune responses to infections. Metabolic dysfunction appears to take center stage by integrating signals from both the immune and metabolism signaling pathways. Due to the countless links between cellular signaling proteins characterized as members of either the immune or metabolic functional groups, identifying critical crossover points as potential therapeutic targets in host immune defenses and/or metabolic diseases would be of great benefit to the industry.
